We analyzed a number of optical media, such as GGG, Nd:YAG, Yb:YAG, fused silica, CaF 2 , Yb:CaF 2 , and CdMnTe, that have not been used, to our knowledge, in the cryogenic Faraday isolator (FI) before. The temperature dependence of the Verdet constant and thermo-optical constants was experimentally investigated for λ ¼ 1:07 μm. We calculated the magneto-optical figure-of-merit and assessed the feasibility of using FI media with multikilowatt average laser power.
INTRODUCTION
The intense development of laser techniques and the average power enhancement of CW and pulse-periodic radiation demand reduction of the thermal effects appearing in different optical elements due to laser radiation absorption. One of the devices subject to significant thermal self-action is the Faraday isolator (FI) because of the strong absorption (∼10 −3 cm −1 ) of its magneto-optical elements (MOEs) [1] [2] [3] . Absorption of laser radiation induces inhomogeneous over MOE cross-section temperature distribution. It leads to several negative effects. The first effect is an inhomogeneous distribution of the angle of rotation of the polarization plane caused by the temperature dependence of the Verdet constant. The second effect is the appearance of linear birefringence (photoelastic effect) in addition to the Faraday rotation (FR). Thirdly, inhomogeneous temperature distribution causes distortions of the wavefront of optical radiation passing through FI (thermal lens) [4] .
The depolarization caused by radiation absorption in optical elements referred to as "hot" or "thermally induced" depolarization greatly depends on the power of optical radiation and may exceed significantly the "cold" one arising due to magnetic field inhomogeneity and MOE imperfection [5] .
The Verdet constant of paramagnetic materials increases on cooling [6] [7] [8] . Besides, other thermo-optical characteristics of the medium also improve with decreasing temperature. This feature was used for creation of a cryogenic FI (CFI)-a device where both the MOE and the FI magnetic system are cooled down to the temperature of boiling liquid nitrogen [6, 9, 10] . Application in CFI of traditional media is not always fully justified, as parameters of a magneto-optical medium change on cooling [7, 11, 12] . Consequently, with cooling to nitrogen temperatures, traditional FI media [e.g., terbium gallium garnet (TGG) crystals] may be inferior to novel ones that have not been used in CFI before.
In the current paper, the magneto-optical and thermooptical characteristics of media that are not traditional for FI are experimentally investigated. The calculated magnetooptical figure-of-merit of such media is compared with a conventional magneto-optical FI medium. In conclusion we discuss the obtained results and prospects of creating CFI with new magneto-optical media for operating at an average power of laser radiation much higher than 1 kW.
MAGNETO-OPTICAL FIGURE-OF-MERIT
We define the radiation depolarization γ as the ratio
where P d is the power of the radiation component polarized orthogonally to the incident radiation having power P 0 . The degree of FI isolation I measured in decibels is defined by
Absorption of radiation in MOE stimulates depolarization referred to as a "hot" or "thermally induced" one [5] . It is decisive at high laser power and greatly exceeds the "cold" depolarization caused by magnetic field inhomogeneity and MOE imperfectness [5] . Thermally induced depolarization is comprised of two effects-one of which arises due to inhomogeneous distribution of the angle of rotation of polarization plane caused by the temperature dependence of Verdet constant (γ V ), and the other is due to the appearance of linear birefringence (photoelastic effect) in addition to the circular (γ T ) [3] :
The thermally induced depolarization γ term in a cubic crystal depends on the orientation of the crystallographic axes relative to polarization of the incident radiation [3] . In the ½001 orientation in the magnetic field, the smallest and largest values of γ T (corresponding to different values of the angle between the crystallographic axis and the incident radiation polarization) may be calculated by the following formulas [5] : In the ½111-oriented crystal, γ T may be calculated by the following formula [5] :
where α is the absorption coefficient, κ is the thermal conductivity, L is the MOE length, P is the power incident on MOE, λ is the laser radiation wavelength, and A is a coefficient depending on the crystal orientation and laser beam profile. For the ½001 orientation and Gaussian beam, A ¼ 0:137 [13] . The optical anisotropy parameter ξ (for amorphous med-
Here p ij are the elasto-optic coefficients and Q is the thermo-optical constant defined by
where n 0 is the index of refraction and υ is Poisson's ratio. The second component of thermally induced depolarization may be calculated from the expression [13] :
Here B is a numerical coefficient equal to 0.00104 for a Gaussian beam [13] . As γ V does not depend on crystal length, then it is possible to find the crystal length L Ã for which
If L L Ã > 3, then the contribution of γ V to the thermally induced depolarization may be neglected. Media that will be considered below, except for TGG, meet this condition. For TGG at T ¼ 77 K, L Ã ≈ 0:5 cm. However, the length of the crystal used in CFI is L ¼ 2:8 mm; hence, γ V should be taken into consideration when assessing thermally induced depolarization.
From the expressions (4) and (5), it is clear that for the ½001 orientation, the maximum and minimum values of γ T differ ξ 2 times. Thus, with known γ T max and γ T min , the absolute value of optical anisotropy may be calculated from
Bearing in mind that the angle of rotation of the radiation polarization plane in MOE φ is defined by the formula (FR) [8] 
where H is the magnetic field strength in which the MOE is placed and V is the MOE Verdet constant, and the fact that this angle should be 45°to ensure FI operation, Eqs. (4) and (6) may be transformed by separating the parameters characterizing MOE:
where
M is called a magneto-optical figure-of-merit [13] and is determined only by the properties of the MOE. M characterizes the medium impact on the FI isolation degree at high average power, which distinguishes it from the quality parameters introduced in other works. In terms of power loss in the MOE, the medium may be characterized by parameter the V=α [14] ; whereas with allowance for thermal self-focusing of radiation, for high average power lasers we obtain the parameter V kW cr , where W cr is the critical energy of thermal selffocusing [4, 15] . It seems reasonable to compare magneto-optical media in M, as well as in maximum power P max at which the isolation degree I ¼ 30 dB. According to Eqs. (13) and (14) P max is proportional to M.
THERMALLY INDUCED DEPOLARIZATION MEASUREMENTS
The scheme of measuring temperature dependence of depolarization and the Verdet constant is presented in Fig. 1 . CW linearly polarized radiation from a single-mode Yb-fiber laser (1) at the wavelength of 1:07 μm (IPG Photonics) was used as the heating and probe radiation simultaneously. The radiation was transmitted through vacuum window (3) to the CFI, which is the MOE (5) in magnetic system (4) placed in optical cryostat (2) [6] . Further, the major portion of the radiation was passed to absorber (8) , and part of the radiation with power of ∼10 3 times attenuated by a couple of quartz wedges (6) was passed to Glan prism (7) fastened to the optical table with a limb and recorded by CCD camera (9) . The angle of rotation of the radiation polarization plane, φ, was equal to the angle of turn of Glan prism at which minimum radiation intensity was registered. The Verdet constant was calculated by Eq. (12) . Measurement accuracy of the angle of rotation of the polarization plane was 10 angular minutes. The radiation recorded by the camera (9-with power P d ) was orthogonally polarized relative to the major portion of the radiation (with Fig. 1 . Scheme of the experiment on studying the temperature dependence of thermal depolarization and the Verdet constant: 1, ytterbium fiber laser, λ ¼ 1:07 μm; 2, cryostat (dashed curve); 3, silica windows; 4, magnetic system; 5, MOE; 6, quartz wedges; 7, Glan prism; 8, absorber with water cooling; 9, CCD camera.
power P 0 ) reflected by the Glan prism. Radiation depolarization was calculated by Eq. (1).
The magnetic system (4) was constructed for the CFI using Nd-Fe-B magnets with magnetic conductors, which ensured a local increase of the magnetic field [16] . The maximum value of the longitudinal component of magnetic field intensity H z was 19 kOe, whereas in the magnetic system without magnetic conductors [6, 10] , the maximum value of the magnetic field intensity was 7 kOe (Fig. 2) .
We measured the dependence of the angle of rotation of polarization plane, φ, on the crystal temperature. For convenience of interpretation, φ was normalized to the value at room temperature (293 K): φ norm ¼ φðTÞ φðT¼293 KÞ . The results are presented in Fig. 3 .
The results of measuring temperature dependence of thermally induced depolarization at constant laser power
) for GGG are compared in Fig. 4 with the most popular magneto-optical glass (MOG 04) and TGG [9] .
The obtained data will be discussed in detail in the sections to follow.
PARAMAGNETIC MATERIALS A. Terbium Gallium Garnet
Since the beginning of the 1990s, TGG crystals have been traditionally used as a magnetoactive medium in FI. The thermooptical characteristics of the crystals are listed in Table 1 for laser radiation at the wavelength of 1:07 μm. Because of a relatively high content of terbium, TGG has a large value of the Verdet constant. The commercially available crystals have an absorption coefficient of 10 −3 cm −1 . The thermal conductivity of the crystals used in our work is temperature independent and equal to 5 W m·K [9] . The TGG crystal is paramagnetic [17] ; hence, its Verdet constant depends on temperature [6] [circles in Fig. 3(a) ]. Generally, the FR consists of a frequency-independent gyromagnetic FR (V h ∝ χ, where χ is magnetic susceptibility) and a frequency-dependent gyroelectric FR (V e ) that can be written as a sum of three terms: diamagnetic V A and two paramagnetic V C and V B terms specified by the wave functions of an excited state admixed to the wave functions of the ground state in the magnetic field [18] :
For the rare-earth Tb ion (s ¼ 3, l ¼ 3 ≠ 0), the contributions of V A and V B may be neglected as compared to V C [17] . As the magnetic susceptibility of Tb in the considered temperature interval is described well by the Curie law, the Verdet constant is inversely proportional to the crystal temperature to a good accuracy [17] [circles in Fig. 3(a) ]. As a consequence, at cooling from 293 K to 77 K, the TGG Verdet constant increases 3.8-fold (see Table 1 ). Hence, a 2:8 mm long TGG is sufficient for CFI in our magnetic system. It is clear from Fig. 3 , that when a ½001 oriented crystal is cooled down to 80 K, γ T min (green triangles in Fig. 3 ) decreases 8 times, and γ T max (green squares in Fig. 3 ) decreases 24 times 9] . Thus, cooling results in a 1.7-fold decrease of ξ and a 2.8-fold decrease of the product αQ, whereas the magneto-optical figures-of-merit M 001 and M 111 grow by 11 and 17 times, respectively (see Table 1 ).
If only the contribution of γ T min to thermally induced depolarization is taken into consideration, then P max will be 8:6 kW [16] for the ½001 orientation and P max ¼ 7 kW for ½111. Allowance for γ V results in appreciable reduction of maximum operating power down to 3.2 and 3 kW, respectively.
B. Gadolinium Gallium Garnet
Starting in the 1960s GGG has been a widely used optical medium [19] . GGG crystals are employed as active laser elements and substrates for depositing ferrite garnet films (thermomagnetic data recording and visualization of magnetic fields) [20] [21] [22] .
Unlike Tb 3þ ions, the Gd 3þ ion has l ¼ 0. Therefore, V B and V C for this ion turn to zero, and the contribution to FR from mixing of wave functions belonging to different multiplets of the excited term should be taken into account. With allowance for this contribution, FR for GGG was calculated in [18] , where an expression for the polarization plane angle of rotation per unit length of the medium was obtained:
Here, BðxÞ is the Brillouin function; μ ¼ 7μ B is the Gd 3þ moment, constant C m ¼ 330 deg =cm; and C A and V h have spectral dependence ∼ ω 2 ðω 2 0 −ω 2 Þ 2 (2πc=ω 0 ¼ 0:2 μm) and do not depend on temperature. In the range of temperatures and magnetic fields of interest to us, the temperature dependence of the Verdet constant may be represented in the following form:
Coefficients A and B were calculated by the V ðTÞ dependence found in the experiment [squares in Fig. 3(a) [18] and recalculated for the wavelength of 1:07 μm. Note that the Verdet constant of GGG has a positive sign; i.e., GGG rotates the radiation polarization plane in the direction inverse relative to TGG.
The temperature dependence of thermally induced depolarization was measured for the ½001 and ½111 orientations of a GGG crystal. Maximum reduction on cooling γ T max (Fig. 4 , contour squares) was by 151 times, minimum γ T min (Fig. 4 , contour triangles) by 34 times. For γ T 111 , a 106-fold reduction was measured. Thus, GGG improves its characteristics on cooling much more efficiently than the traditional TGG crystal. It is worth noting that the crystal with the ½111 orientation was cut not exactly along this crystallographic axis, which is indicated by the weak (∼30%) dependence of the thermally induced depolarization on the angle between the polarization plane and the crystallographic axes. Therefore, the true temperature dependence of thermally induced depolarization in the ½111-oriented crystal differs from the measured one by no more than 30%, shown as an error in the plot (contour rhombuses in Fig. 4) .
The different temperature dependence of thermally induced depolarization for different crystal orientations is explained by the temperature dependence of ξ. For example, ξ calculated on the basis of γ T max and γ T min measured at room temperature is ξð293 KÞ ¼ 2:28; when calculated on the basis of the elasto-optic coefficients presented in [23] , ξð293 KÞ ¼ 2:64; with cooling ξ decreases down to 1.08. Thus, ξ decreases 2.4 times at cooling, and at T ¼ 80 K thermally induced depolarization weakly depends on crystal orientation.
The above-mentioned conditions allow GGG to be regarded as a MOE, despite the relatively low Verdet constant at room temperature. The studied GGG sample had an absorption coefficient of 7 · 10 −3 cm −1 . TGG and GGG absorption heavily depends on the conditions of crystal growth; hence, it is reasonable to compare crystals at the same absorption coefficient, for example, 10 −3 cm −1 . Then, at room temperature the magneto-optical figure-of-merit of a GGG crystal will be approximately 2.8 times lower than of TGG. On cooling down to 77 K, M of both the media grows, and GGG has M 001 2.6 times lower than TGG, which gives P max ¼ 3:4 kW in the ½001 orientation. In the ½111 orientation, GGG is 1.8-fold inferior to TGG in the magneto-optical figure-of-merit, with P max ¼3:2kW. Both values of the maximum operating power for GGG CFI are slightly higher than for TGG CFI (3:2 kW and 3:0 kW, respectively). It is worthy of notice that the currently available GGG crystals have apertures up to 10…12 cm [24, 25] , which is much larger than the TGG crystal aperture (up to 2…3 cm [13, 26, 27] ). Thus, for the FI with an aperture larger than 3 cm, only MOG may compete with GGG crystals, but it is significantly inferior to crystals in M.
C. Other Crystals A crystal that is promising for creating FI is terbium aluminum garnet (TAG) that has a 1.1-fold to a 1.2-fold better Verdet constant than does TGG [28] . However, no successful results of crystal growth using the Czochralski method [29] have been published in the literature to the present day. Other techniques of growing TAG crystals having aperture larger than 4 mm were not successful either [30] . This makes a TAG crystal of little use. It is expected that creation of TAG-based ceramics will enable using this material in powerful FI. Currently, attempts are made to grow terbium scandium aluminum garnet (TSAG) [31] and terbium gallium aluminum garnet (TGAG) [32] . These media are superior to TGG in the Verdet constant and have lower absorption coefficients, but, unfortunately, the optical quality of the obtained samples is still far from the MOE requirements.
Another promising class of media is a molybdenum crystal with the chemical formula MReðMoO 4 Þ 2 , where M is alkali and Re is a rare-earth metal. Thanks to their high lanthanide concentration, they may be superior to TGG in the Verdet constant. Examples of such media are NaTbðMoO 4 Þ 2 [33] and LiTbðMoO 4 Þ 2 [34] , which have a better Verdet constant than TGG and lower absorption.
D. Magneto-Optical Glasses
In spite of the thermo-optical characteristics inferior to crystals (see Table 1 ) [9, 35] , MOGs are actively employed for creation of FI when a large optical aperture is demanded. On cooling to 80 K, thermally induced depolarization in MOG-04 glass reduced ∼3-fold (circles in Fig. 4) [9] . The Verdet constant in MOG doped with rare-earth terbium ions grows on cooling like in a TGG crystal [squares Fig. 3(b) ].
Cooling down to the temperature of boiling liquid nitrogen allows an ∼3:8-fold increase of the Verdet constant and a 1.7-fold decrease of the product αQ κ , thus reducing thermally induced depolarization ∼42 times. Although GGG is ∼9-fold superior to glasses in M; hence, in maximum operating power, it is quite reasonable that the use of MOG CFI as the optical aperture of glasses is principally unlimited.
DIAMAGNETICS AND OTHER MATERIALS
A. Diamagnetics As possible candidates for CFI MOE, we have considered some diamagnetics: CaF 2 , fused silica, and KCl, which have been widely used for fabricating optical elements, such as lenses, prisms, plane-parallel plates, and wedges. A significant drawback of diamagnetics is their small Verdet constant, which does not change on cooling [36] ; however, other characteristics of the medium, such as heat conductivity and absorption, may be improved. Measurements of values of the Verdet constant at the wavelength of 1:07 μm verified that it does not depend on temperature. Characteristics of the media are presented in Table 1 .
Analysis of the obtained results demonstrates that, at the temperature of 77 K, CaF 2 is only severalfold inferior to the traditional TGG medium in M, and fused silica is even superior to GGG in M and, hence, to both TGG and GGG in P max . Diamagnetics have low absorption (∼10 −5 cm −1 ) and large apertures. At the same time, the low Verdet constant demands using in constant-magnet systems (∼20 kOe) optical elements 25…30 cm long or a multipass scheme of FI. The use of superconducting solenoids with magnetic field strength ∼100 kOe as a magnetic system [10] will reduce MOE length substantially (down to 5…6 cm).
B. Diamagnetics Doped with Paramagnetic Ions
A YAG crystal is a very popular matrix for various dopants. The most broadly used YAG crystals as active elements in solid-state lasers are Nd:YAG and Yb:YAG.
With sufficient concentration, ions of Yb and Nd seeded into the diamagnetic matrix of yttrium aluminum garnet YAG must make the material paramagnetic [37] ; hence, the Verdet constant will become temperature dependent. The studied Nd:YAG sample had 1% Nd concentration, and a sample of Yb:YAG had a 10% concentration of Yb. Parameters of the media are listed in Table 1 , and the temperature dependence of the normalized angle of rotation of Nd:YAG is plotted in Fig. 3(a) (triangles) . The Verdet constant measured in our experiments was V ¼ 0:09 deg kOe·cm for Nd:YAG and V ¼ 0:055 deg kOe·cm for Yb:YAG. To experimental accuracy, the measured Verdet constant did not depend on crystal temperature, which contradicts data on crystal paramagnetism [37] .
The heat conductivity of Yb:YAG depends on the crystal quality and concentration of Yb. Depending on the growth technique and purity, the heat conductivity of different crystal samples may either increase severalfold or remain unchanged on cooling from 300 K to 77 K [38] . Cooling of Yb:YAG down to 77 K results in a more than 2.5-fold decrease of Q [38] .
We also investigated CaF 2 doped with Yb, for which the Verdet constant also proved to be temperature independent.
The Verdet constant of Nd:YAG is 25 times less than that of TGG, and the demanded crystal length is then about 25 cm. Consequently, the use of Nd:YAG in CFI is inefficient.
C. Cadmium Manganese Telluride
Cadmium manganese telluride (CdMnTe) crystals belong to semimagnetic semiconductors-semiconductor crystals doped with ions of transition metals [39] . Their chemical composition is described by the formula Cd 1−x Mn x Te, where x is the specific concentration of manganese. The manganese concentration in the studied sample was 20%.
The principal qualitative difference between semimagnetics and ordinary semiconductors is the significant exchange interaction between magnetic ions and zonal charge carriers that is initiated by application of external magnetic field. As a result, giant spin splitting of electrons, holes, and excitons occurs in manganese ion doped crystals and the related giant Faraday effect near the absorption edge within the 500-600 nm range [40] [41] [42] [43] . The individual contributions to the Faraday effect of spin distributions of electrons, ions, and excitons vary within a broad interval in a different way, depending on the radiation wavelength, magnetic ion concentration in a semimagnetic semiconductor, and temperature [39, 42] . Thus, the total observed Faraday effect has a complicated dependence on temperature and Mn concentration [39] .
The temperature dependence of the normalized angle of rotation of the polarization plane in the studied sample is shown in Fig. 3(b) (rhombs) . It is easily seen that the dependence is almost linear.
CdMnTe absorption weakly depends on temperature and varies within 0:2-0:7 cm −1 , depending on the manganese concentration. The values of the Verdet constant measured at [23] . With a field intensity of 19 kOe, a CdMnTe crystal as thin as 1:75 mm may be used in CFI. Besides, FI with small size and small magnetic system mass may be created. However, extremely high values of absorption impede development of devices operating at high laser power (the maximum power at which the isolation of 40 dB may be attained is 20 W only). The strong self-focusing effect due to the thermal lens also points to this limitation [44] . Crystal absorption reduces significantly in the midinfrared region (2-4 μm) [39] , which permits using a medium in this wavelength range as a MOE, in spite of a decreased Verdet constant. Also, M may be increased by choosing optimal manganese content or by doping the crystal by other chemical elements, such as mercury, nickel or magnesium [42, 43] so as to increase the Verdet constant at this wavelength.
CONCLUSION
In the present paper, we have investigated the magnetooptical properties of media that have not been used in CFI before. Characteristics of the media are listed in Table 1 . Magneto-optical figures-of-merit of the studied media have been compared. An alternative to TGG as an CFI medium is the GGG crystal, whose magneto-optical properties sharply improve on cooling down to the temperature of boiling liquid nitrogen, accompanied by more than a 34-fold reduction of thermally induced depolarization, which is much higher than in the traditional TGG medium. For a GGG crystal having absorption of 10 −3 cm −1 , the maximum operating power of the CFI is 3:4 kW, exceeding the corresponding value of 3:2 kW in the TGG CFI. Besides, the available TGG crystals have the aperture of no more than 3 cm. Therefore, a GGG crystal with larger apertures is the best candidate for CFI medium, as the maximum operating power of MOG is much lower (∼0:4 kW).
Diamagnetics are distinctly inferior to the traditional FI media in the Verdet constant. However, their magneto-optical figure-of-merit is only severalfold smaller because of low absorption and high thermal conductivity, and fused silica is even superior to TGG in maximum operating power. Doping of diamagnetic matrices with ions of rare-earth metals (Nd, Yb) leads to an increased Verdet constant of the medium, but the temperature dependence of this parameter was not observed in experiment.
